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Abstract Immunotherapeutic concepts in neurooncology
have been developed for many decades but have mainly
been hampered by poor definition of relevant antigens and
selective measures to target the central nervous system.
Independent of the recent remarkable successes in clinical
immunooncology with checkpoint inhibitors and vaccines,
immunotherapy of brain tumors in general and gliomas
in particular has evolved with novel neurooncology-spe-
cific concepts over the past years providing new phase 1
approaches of individualized immunotherapy to first phase
three clinical trials. These concepts are driven by a high
medical need in the absence of approved targeted therapies
and refute the classic dogma that the central nervous sys-
tem is immune-privileged and hence inaccessible to potent
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antitumor immunity. Instead, measures have been taken to
improve the odds for successful immunotherapies, includ-
ing rational targeting of relevant antigens and integration of
immunotherapies into standard of care primary radiochem-
otherapy to increase the efficacy of antitumor immunity in
a meaningful time window. This review highlights concepts
and challenges associated with epitope discovery and selec-
tion and trial design.
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Abbreviations

APC Antigen-presenting cell

BBB Blood-brain barrier

CAR Chimeric antigen receptor

CNS Central nervous system

CSF Cerebrospinal fluid

CTLA-4  Cytotoxic T-lymphocyte-associated protein 4

DC Dendritic cell

EGF Epidermal growth factor

EGFRVIII Epidermal growth factor receptor variant IIT

GAPVAC Glioma Actively Personalized Vaccine
Consortium

GM-CSF  Granulocyte—macrophage colony-stimulating
factor

gpl00 Glycoprotein 100

HLA Human leukocyte antigen

IDH1 Isocitrate dehydrogenase type 1

Icv John Cunningham virus

KLH Keyhole limpet hemocyanin

MAGE Melanoma-associated antigen

MGMT O-6-methylguanine-DNA methyltransferase

MHC Major histocompatibility complex

oS Overall survival
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PD-1 Programmed cell death 1
PD-L1 PD ligand 1

SOX SRY-box

TAA Tumor-associated antigen
TRP-2 Tyrosinase-related protein 2
TSA Tumor-specific antigen
WES Whole-exome sequencing
Introduction

It is obvious that immunotherapy for brain tumors shares
many concepts and opportunities with tumor immuno-
therapy in general but also provides unique challenges
and chances for highly selective therapeutic approaches.
Immunotherapy for brain tumors has been explored for
many decades, starting from systemic or local administra-
tion of lymphokine-activated killer cells [1] to modern truly
patient-specific and neoantigen-specific vaccine concepts
[2]. Similar to immunotherapy of non-central nervous sys-
tem (CNS) tumors, the field has long suffered from lack of
appropriate predictive markers for efficacy, in part owing to
improperly controlled clinical trials. Thus, even more than
for other entities, CNS tumor immunotherapy has not yet
proven efficient. However, there are also challenges spe-
cific to brain tumor immunity, which are mainly related to
the fact that these tumors grow in a sanctuary site. But the
dogma that the brain is absolutely immune privileged and
as a consequence transferring relevant antitumor immu-
nity to brain tumors is impossible is to be challenged based
on several observations: First, the brain is constantly sur-
veyed by antigen-specific T cells to keep viral agents such
as John Cunningham virus (JCV) in check [3]. Second,
there are autoimmune diseases such as multiple sclerosis,
where spontaneous antigen-specific T cell responses to
CNS antigens result in deleterious inflammation and tissue
destruction [4], indicating that the CNS is permissive for
both induction of peripheral antigen-specific immunity and
transfer of adaptive immunity back from the periphery. It
has recently been shown in an experimental autoimmune
encephalomyelitis animal model that effector T cells enter
the CNS from the blood via the leptomeninges, from which
they may be released to cerebrospinal fluid (CSF) and re-
attach to leptomeninges, whereas non-activated T cells are
released into the CSF [5]. Third, to enable this communi-
cation, a lymphatic system is necessary, which has long
been neglected but recently been shown to be present [6,
7]. And fourth, the concern of relevant CNS adverse events
occurring when targeting brain tumors by local or systemic
immunotherapy has not been supported in clinical trials
[8]. Based on change in dogma and even before the recent
renewed interest in immunooncology, immunotherapeutic
concepts for brain tumors have evolved, which are quite
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exclusive and distinct from other tumor entities to meet the
unique makeup and localization of a CNS tumor. Growing
in the CNS, gliomas have a distinct microenvironment per
se, in addition to shaping it toward an immunosuppressive
milieu. Hallmarks and characteristics of the glioma micro-
environment have extensively been described elsewhere
[9]. Here we highlight the recent developments and current
concepts in brain tumor immunotherapy, focusing on vac-
cines and checkpoint inhibitors for gliomas.

Checkpoint inhibitors in neurooncology

The remarkable success of checkpoint inhibitors in oncol-
ogy has certainly extended into the neurooncology arena,
although the number of clinical trials is limited. First clini-
cal experiences, however, generally do not recapitulate the
tremendous response rates seen in melanoma, lung cancer
or mismatch-repair-deficient colon cancer, perhaps with
the exception of brain metastases [10]. Nevertheless, rand-
omized phase II trials are pursued in patients with recurrent
glioblastomas [11], and a phase III trial testing the efficacy
of nivolumab in addition to standard radiochemotherapy
in patients with newly diagnosed glioblastoma is cur-
rently accruing patients (CheckMate 498, NCT0261758).
Conceptually, the main argument against the effectiveness
of checkpoint inhibitor monotherapy in brain tumors is as
follows: Despite the challenge of dogma, the brain is still
a comparatively immune privileged organ. Hence, periph-
eral immune responses to brain tumor antigens are scarce,
and even if they occur, the immune privilege of the CNS
prevents effective peripheral antitumor immunity to be
transferred into the CNS. There are, however, several lines
of evidence which refute this view: Spontaneous immune
responses to tumor-associated antigens (TAAs) and tumor-
specific antigens (TSAs) are observed in patients with
intrinsic brain tumors [2, 12], which suggests that anti-
gens are presented in the brain tumor microenvironment
and induce an effective antigen-specific peripheral T cell
response. In addition, preclinical studies using adoptive T
cell transfer or monotherapy with checkpoint blockers in
syngeneic mouse models using transplantable, chemically
induced gliomas demonstrate that unleashing an endoge-
nous or transferring a peripheral T cell response effectively
eradicates these tumors [13]. Finally, in patients with sys-
temic cancers, metastases to the brain may be effectively
controlled by checkpoint inhibitors, even if response rates
do not compare well with those observed with extra-CNS
tumor manifestations [14]. The reason why particularly gli-
omas display a reduced sensitivity—if any—to checkpoint
inhibition alone is most likely a comparatively low muta-
tional load, because it has been shown that checkpoint inhi-
bition unleashes mutation-specific T cell responses [15].
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Gliomas—on average—contain 40-80 non-synonymous
mutations, which is an order of magnitude lower than in
melanoma or small-cell lung cancer, which mostly respond
well to checkpoint inhibitors alone [16]. The therapeutic
efficacy in preclinical animal models can thus be attributed
to the comparatively high mutational load in chemically
induced experimental murine gliomas, such as the GL261
model.

Collectively, these observations argue against further tri-
als with mono-checkpoint inhibition in gliomas, perhaps
with the exception of recurrent gliomas with mismatch
repair deficiency and subsequent hypermutation as a con-
sequence of prolonged alkylating chemotherapy [17, 18].
Instead, we would strongly advocate combination trials of
checkpoint inhibitors with antigen-specific vaccines as the
endogenous T cell response in this disease may lack the
sufficient intensity and breadth. In any case, future clini-
cal trials using checkpoint inhibitors ought to be performed
in carefully selected patient populations and backed by a
meaningful translational program for hypothesis testing. It
will thus be interesting to see the outcomes of studies com-
bining with vaccines (AVERT, NCT02529072). The type of
checkpoint inhibitor to be chosen for glioma therapy will
also depend on the compartment of target cells, because
the blood-brain barrier (BBB) does not allow antibodies to
cross easily [19]. Cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4) and programmed cell death 1 (PD-1) anti-
bodies target receptors present on circulating T cells. But
PD-1 ligand (PD-L1) inhibitors may not necessarily require
brain penetrance either, as PD-L1 is expressed not only in
the tumor microenvironment of gliomas [20-22] but also
elevated in circulating antigen presenting cells (APCs) in
glioma patients [23], which may indicate biological activity
even if the therapeutic antibody does not reach sufficient
intratumoral levels. This suggests that anti-PD-L1 anti-
bodies such as atezolizumab may represent an additional
attractive strategy in neurooncology. Here, intratumoral or
peripheral PD-L1 expression may serve as a biomarker as
is suggested for other indications [24, 25]. Another concept
to cross the BBB could be the development of small mol-
ecule inhibitors instead of antibodies to block checkpoint
signal transduction.

Vaccines in neurooncology—self-antigens vs.
neoepitopes

Vaccines targeting self-antigens

As in general oncology, vaccines in neurooncology have
mainly focused on embryonal self-antigens in the past
years. For instance, gliomas frequently share these antigens
with melanomas, such as melanoma-associated antigen

(MAGE)-A1/3, tyrosinase-related protein 2 (TRP-2) or gly-
coprotein 100 (gp100). In fact, there are few glioma-spe-
cific self-antigens reported to date. These self-antigens are
expressed in the majority of gliomas albeit at highly vari-
able levels [12]. In addition, the degree of presentation of
these antigens in the tumor tissue remains unclear, a prob-
lem currently targeted by mass-spectrometry-based human
leukocyte antigen (HLA) ligandome analyses aiming at
enriching the pool of tumor-associated self-antigens [12].
Recent developments include targeting of antigens, which
are believed to be specifically expressed in brain tumor-
initiating cells, such as SRY-box (SOX) 2/11 or CD133.
Vaccines targeting glioma-associated self-antigens are gen-
erally viewed as safe, but the induction of an efficacious
antitumor immunity may be hampered by the fact that
many of these self-antigens are expressed in the thymus,
resulting in central T cell tolerance and the development of
antigen-specific suppressive T-regulatory cells [26]. In the
absence of defined universal self-antigens, current clinical
trials aim at combining multiple epitopes to multi-peptide
vaccines. Examples currently in phase I/l testing include
IMA950 (NCT01920191), ICT-107 (NCT01280552) and
SL-701 (NCT02078648). These vaccines are typically
restricted to HLA-A2+ patients and may involve intrader-
mal injection combined with immune enhancers (IMA950,
SL-701) or prior loading on autologous dendritic cells
(DC; ICT-107). Semi-personalized approaches are under-
taken using warehouse concepts, where peptide vaccines
are selected based on the individual patient’s tumor anti-
gen profile (IMA950). Based on encouraging results from
a randomized phase II clinical trial in HLA-A2+ patients
with newly diagnosed glioblastoma, a phase III clinical
trial has been initiated for the multi-peptide vaccine ICT-
107 (EORTC1587, NCT02546102).

Also in neurooncology, concepts are being developed to
enhance the induction of antigen-specific anti-tumor immu-
nity by using RNA-based vaccines [27, 28], coupling of
peptides to heat-shock proteins [29] and enhancing the effi-
cacy of DC-based vaccines by priming with recall antigens
[30].

TSAs such as mutated or splice variant neoantigens are
usually private antigens. There are, however, some excep-
tions to this rule in neurooncology. These exceptions
have been consequently and rapidly taken from bench to
bedside:

EGFRVIII as a tumor antigen

The variant III of the epidermal growth factor receptor
(EGFRVIII) is a tumor-specific antigen generated by alter-
native splicing of exons 2—7—representing the ligand-bind-
ing domain—with subsequent generation of a neoepitope
by fusion of exon 1 with exon 8. Functionally, EGFRVIII
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Fig. 1 EGF receptor (EGFR) is a transmembrane protein with an
extracellular N-terminus and intracellular tyrosine phosphorylation
sites for signaling. Fusion of exons 1 and 8 results in the constitu-
tively active EGFRVIII, which has a truncated extracellular domain
containing a novel glycin residue. This makes EGFRVIII an extracel-
lular antigen, which is accessible for direct antibody binding. The

is constitutively active in the absence of epidermal growth
factor (EGF), leading to enhanced proliferation and inhibi-
tion of apoptosis. EGFRVIII is detected in approx. 20-30 %
of glioblastoma samples, in general concurrently with the
wild-type variant even on a single-cell level. A vaccine
using the peptide sequence from the neoepitope (EGFRVIII
Pep) conjugated to the adjuvant keyhole limpet hemocya-
nin (KLH) administered with granulocyte-macrophage
colony-stimulating factor (GM-CSF) induces robust anti-
EGFRUVIII antibody responses and possibly CD8+ T cell
responses in patients with EGFRvIII-positive tumors due
to neoantigen presentation on tumoral major histocom-
patibility complex (MHC) class I [31] (Fig. 1). Rigorous
phase I-II trials tested the efficacy of EGFRVIII Pep-KLH
(rindopepimut®) in glioblastoma patients. Of note, the
vast majority of patients in the phase I/Il program with
recurrent disease after the vaccine had lost expression of
EGFRVIII in the tumor tissue, indicating immune escape
[32]. The explanation is that in an EGFRvIII-expressing
tumor, this variant—albeit oncogenic—only affects a dis-
tinct subclone of the tumor [33]. The phase III randomized
ACT-IV registration trial was initiated, testing the efficacy
of rindopepimut® compared to placebo in addition to com-
bined radiochemotherapy with temozolomide in patients
with newly diagnosed EGFRvIII-positive glioblastoma
(NCT01480479); however, the interim analysis has shown
that there was no statistical significance in the primary
endpoint overall survival (OS) between the rindopepimut®
group (20.4 months) and the control group (21.1 months;
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fusion epitope PEPVIII is additionally loaded onto MHC class I and 11
molecules after proteasomal cleavage within the mutated tumor cell,
making it accessible for EGFRvIII-specific T cell responses. PEPVIII
is the fusion epitope used for vaccination. Novel glycine residue is
shown in red

http://www.nature.com/nrneurol/journal/v12/n4/full/nrneu-
rol.2016.38.html). Biologically, further analyses will show
whether immune escape via antigen loss or other immune
modulatory mechanisms by the tumor cells is the reason for
the lack of therapeutic efficacy.

IDH1R132H as a tumor antigen

The clinical experience with the EGFRVIII vaccine illus-
trates the challenges associated with tumor heterogeneity,
which often results in antigen heterogeneity and therefore
antigen loss after vaccination. Conceptually, targeting a
true driver mutation, which occurs at the top of the hierar-
chy, will circumvent heterogeneity-driven immune escape.
In the past years, several attempts have been made to dis-
sect the phylogenetic tree of gliomagenesis by dissecting
the mutational profile in different areas of a human tumor
[34]. These analyses demonstrate that a mutation in the
gene for isocitrate dehydrogenase type 1 (IDHI1), which
occurs in 70-80 % of diffuse and anaplastic gliomas and
which affects the catalytic site of the protein, in the vast
majority (>90 %), resulting in an amino acid exchange (Arg
to His) at position 132 of the protein IDHIR132H), is the
earliest mutation in these tumors, rendering all tumor cells
positive for IDHIR132H even during malignant progres-
sion [35, 36]. While the mutation is a unique characteristic
of these gliomas, it is also observed in other tumor types
such as acute myeloid leukemia and chondrosarcoma albeit
at a much lower frequency. Mechanistically, IDHIR132H
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Fig. 2 IDHI is a cytosolic
protein with enzymatic activity.
A point mutation leads t a single
amino acid exchange (R132H),
resulting in a neomorphic
enzymatic function, the produc-
tion of R-2-HG. IDHI(R132H)
is processed in the endosomes
and lysosomes within tumor
cells and APCs that have taken
up the protein from necrotic

and apoptotic tumor cells, from
where the epitope pIDH1R132H
is loaded onto MHC class II.
This makes it accessible for
IDH1(R132H-specific CD4+ T
cells. Amino acid exchange to
histidine is shown in red
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results in a neomorphic enzyme function, leading to the
production of the oncometabolite 2-hydroxyglutarate in
excess amounts [37], which results in genetic instability via
epigenetic modifications and hence tumorigenicity [38].
From an immunological point of view, IDHIR132H rep-
resents an attractive tumor antigen specifically expressed
in tumor but not normal cells, which is readily detect-
able in routine diagnostic immunohistochemistry using
a mutation-specific antibody [39]. A subset of patients
with IDHI1R132H-mutated gliomas spontaneously har-
bors mutation-specific CD4+ T helper cells and antibod-
ies, indicating that IDH1R132H is specifically presented to
and recognized by the immune system in a mutation-spe-
cific manner [2]. Vaccination of MHC-humanized but also
wild-type C57BL/6 mice with the IDHI peptide vaccine
comprised of the neoepitope sequence and the adjuvant
Montanide-ISA51® results in a mutation-specific CD4-
dependent immune response [2, 40], effective in control-
ling IDHIR132H-expressing tumors in a preventive and
a therapeutic manner without causing toxicity [2]. Since
IDHIR132H is—in contrast to EGFRvIIl—an intracel-
lular antigen, the biological and therapeutic relevance of
the antibody response is probably limited. However, anti-
bodies may be able to bind the MHC class II-bound pep-
tide, which holds true for the diagnostic antibody (Fig. 2)
[41]. Whether this could lead to an antitumor immunity

is unclear. Clinically, the production of an IDH1R132H-
specific antibody can be used for monitoring purposes as
an easy-to-evaluate biomarker for response to vaccination.
A newly developed companion diagnostic, which allows
for prediction of antigen presentation in paraffin-embed-
ded tumor tissue using proximity ligation assay [41], may
aid patient selection for vaccine trials. Conceptually, the
IDH1R132H vaccine differs from the EGFRVIII vaccine as
it represents as a CD4 epitope, which requires endosomal/
lysosomal processing and—most likely —presentation by
professional APCs instead of tumor cells (Fig. 2).

A multicenter phase I trial is underway (NCT02454634),
enrolling a planned population of 39 patients with newly
diagnosed grade 3 or grade 4 astrocytomas at eight German
sites. Patients receive a total of eight vaccines comprised of
a 20-mer peptide emulsified in Montanide-ISA51®. Impor-
tantly, the vaccine is integrated into the primary therapy.
The translational program associated with the trial and
ongoing preclinical studies using MHC-humanized mice
will address important questions for further development,
chiefly with respect to the mechanism of action of CD4+
IDH1R132H-specific T cells. Possible scenarios include
the induction of senescence by Thl cytokines produced by
mutation-specific T cells [42], the induction of cytotoxic
CD4+ mutation-specific T helper cells or the induction of
a bystander CD8 response against (a) different antigen (s)
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[43]. We have acquired data, indicating that efficient kill-
ing requires activation of CD8+ T cells (unpublished data),
which has been shown by others as well [43]. Therefore,
antigen spreading, which occurs via cross-presentation
of an unrelated antigen on MHC class I by the same APC
presenting the IDH1R132H epitope on MHC class II, is
most likely required for vaccine efficacy. As it is likely that
also in gliomas the majority of neoepitopes are private and
MHC class II-restricted, as suggested in preclinical models
[41, 43], it will be important to delineate the mechanism of
action in the current phase I trial.

Personalized concepts

IDH1R132H and EGFRVIII are rare examples of recurrent
neoepitopes. Most of the neoepitopes also in neurooncol-
ogy are private antigens [16]. This constitutes the need for
personalized vaccine concepts targeting these private neo-
antigens after identification by whole-exome sequencing
(WES). Based on a computational pipeline predicting HLA
binding of mutated epitopes [44], a phase I study in patients
with newly diagnosed O-6-methylguanine-DNA methyl-
transferase (MGMT)-unmethylated glioblastoma is under-
way to test the safety and immunogenicity of a personal-
ized peptide vaccine (NeoVax) encompassing neoepitopes
relevant for the individual patient (NCT02287428). The
vaccine is given after completion of radiotherapy. An even
more complex setting of neoepitope discovery is applied
in the European Glioma Actively Personalized Vaccine
Consortium (GAPVAC), which currently conducts a mul-
ticenter phase I clinical trial in patients with newly diag-
nosed glioblastoma (GAPVAC-101, NCT02149225). Here,
the selection and production of the personalized peptide
vaccine are based not only on WES but also on HLA-
ligandome analyses providing additional information of the
actual presentation of the relevant epitopes on HLA mole-
cules in the tumor tissue [12]. This effort not only increases
the complexity of epitope discovery but also tissue require-
ment, which is certainly a bottleneck in neurooncology.
The turnaround time for vaccine production in both trials
is within limits to allow for integration of the vaccine into
primary therapy. It is evident that these personalized con-
cepts represent a regulatory challenge, which has to be met
if vaccines ought to incorporate private antigens.

Conclusion
Immunotherapy in neurooncology has evolved consider-
ably in the past years with novel unique concepts target-

ing true tumor antigens (EGFRvVIII, IDHIR132H) and
patient-specific vaccine approaches targeting private
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mutated antigens (GAPVAC, NeoVax). Lessons from the
shared neoepitopes taught us the importance of select-
ing evolutionary and functionally relevant antigens, albeit
immunotherapy may at the first glance be independent of
targeting proteins associated with survival and prolifera-
tion when compared to targeted agents. However, for long-
term effects this is equally important in immunotherapy.
The regulatory challenges associated with patient-specific
approaches will have to be met along with challenges asso-
ciated with the cost-intensive and time-consuming pro-
cess of patient-specific neoepitope discovery. It will be of
utmost importance to obtain proof of concept in well-con-
trolled trials enrolling selected patients with newly diag-
nosed tumors to increase the chance of retrieving mean-
ingful signals of efficacy. This is possible since standard of
care therapy is restricted to radiation therapy and alkylat-
ing chemotherapy, both of which may even be beneficial
for inducing an effective immune response and increasing
the influx of effector T cells into the tumor tissue, respec-
tively. It will be equally important to attach to these trials
a comprehensive immune monitoring program including
analysis of tissue at recurrence, which has been an obsta-
cle in previous trials but will be necessary to answer piv-
otal questions with respect to the nature and magnitude of
intratumoral antigen-specific immune responses, escape
variants and antigen spreading. Finally, active vaccines
ought to be combined with checkpoint inhibitors early on
to block T cell tolerance and exhaustion as well as with
therapies targeting the immunosuppressive tumor microen-
vironment. With these strategies already being realized in
early clinical trials, there are exciting times ahead in brain
tumor immunotherapy.
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